Vaccinia virus cores contain an activity which is able to relax both left-and right-handed superhelical DNA. This virus-specific nicking-closing enzyme has been highly purified and differs from the corresponding host enzyme in salt optimum, in sedimentation coefficient, and in polypeptide composition as determined on sodium dodecyl sulfate/polyacrylamide gels. The enzyme is probably newly synthesized after the cessation of host protein synthesis which follows virus infection. The most highly purified preparation contains two polypeptides, one of molecular weight 24,000 and the other 35,000. The former polypeptide is a major constituent of the virus (7% of total protein by weight), whereas the latter is present in a much smaller amount (0.2%). Chromatography with denatured DNA-cellulose reveals that the activity is predominately associated with those fractions enriched in the polypeptide of greater molecular weight. Many fundamental biological processes are associated with changes in the duplex winding of DNA. These include DNA replication; transcription; recombination; formation of nucleosomes; packaging of DNA in organelles, such as mitochondria or chloroplasts; formation of complex prokaryotic chromosomes (1); and encapsidation into viruses. Enzymes from several sources have recently been discovered which are able to relieve torsional stress on the DNA duplex. None of these appears to require a cofactor, and their primary function is to introduce a transient local swivel that allows the DNA to rotate in response to a torque.
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The prokaryotic enzymes, termed omega proteins (2) , have been purified from Escherichia coli 1100 (2, 3) and from E. coli B (4) and are able to catalyze duplex rotation in the righthanded (overwinding) direction only. The eukaryotic enzymes are able to catalyze rotation in both directions and have so far been discovered in several animal cell nuclei (5) (6) (7) (8) (9) . In the present report we show that such an activity is encapsidated in mature vaccinia virions and is active in viral cores, which are able to carry out transcription as intact complexes. The activity is not identical to the corresponding host protein and is newly synthesized following infection. This result, representing a virus-specific nicking-closing enzymet, confirms the widespread distribution of this activity.
The only presently available assay for nicking-closing activity is based upon the ability of the enzyme to remove superhelical turns from closed circular duplex DNA. Such DNA molecules are subject to the topological constraint (11) (2, 3, 8, 9) , untwisting activity (5) , relaxing activity (6, 7) , and nicking-closing activity (10 (14) . For the preparation of labeled virus, HeLa S cells were suspended at 107/ml in 1:1 Puck's saline/Eagle's spinner medium (1/10 normal methionine concentration) and were infected with purified vaccinia virus at a multiplicity of infection of 4 The amount of protein was assessed by scintillation counting of incorporated [35S]methionine, based upon a specific radioactivity of 1.1 X 106 cpm/mg for whole virus. The enzyme activity was assayed at 370 as described in Materials and Methods and represents the average of four determinations at the indicated NaCl concentrations. The purification factor is the ratio of the specific activity of each preparation at its salt optimum to that of cores at 0.15 M NaCl.
from the DEAE-cellulose column was diluted with 3 volumes of dDNA-cellulose buffer and applied to the dDNA-cellulose column. After washing with 8 ml of dDNA-cellulose buffer +0.05 M NaCI, the activity was eluted in a 0.05-0.50 M NaCl gradient in dDNA-cellulose buffer, collecting fractions every 15 min with a flow rate of 15 ml/hr. Assay for Nicking-Closing Activity. Bacteriophage PM-2 was grown and the DNA, which was used for all assays, was extracted by the method of Salditt et al. (16) . The RESULTS Purification of Activity. The purification of nicking-closing activity is summarized in Table 1 . No activity was detected after even prolonged incubation with whole virions or with the supernatant from disrupted virus, precluding simple surface adsorption of host enzyme to the viral envelope. Activity first appears in preparations of whole cores and significantly increases upon disruption of cores. Total activity increases by 40% following DEAE-cellulose chromatography, which probably reflects the removal of competitive inhibition by vaccinia DNA (7) . The amount of activity associated with the pellet after disruption of cores and centrifugation at 135,000 X g for 60 min was approximately 20% of that in the solubilized fraction, as assayed in 0.2 M NaCl. Fig. 1 presents the results of affinity chromatography with dDNA-cellulose. This procedure yields a single peak of nicking-closing activity which co-elutes with the major peak of bound protein as gauged by trichloroaceticacid-precipitable radioactivity. The major peak fraction elutes at 0.23 M NaCl at 40 and the amount of protein under the peak of enzyme activity represents 15% of the input radioactivity.
Optimum Conditions for Activity. The most highly purified enzyme preparation (Fraction VI) exhibits a broad pH dependence, with optimal activity at pH 7.5. The activity is reduced to approximately 25% of the maximum at pH 5.0 and 8.5, and no activity could be detected at pH values above 9.0 or below 4.0. The temperature dependence of Fraction VI showed an optimum at 37°. Approximately 60% of the activity was retained when the assay was performed at 22°and at 410.
The salt optimum (NaCI) of the specific activity was found to shift to progressively lower values as purification proceeded. Table 1 lists specific activity determinations at three NaCl concentrations for each fraction. The eukaryotic nicking-closing activities reported previously (6-9) exhibit an ionic strength optimum of 0.2 M and are nearly inactive at 0.05 M, whereas the reverse is true of the vaccinia enzyme. The salt optimum for Fractions II-IV lies at 0.15 M NaCl, and the range of activity broadens and moves towards lower salt concentrations as purification proceeds. Fraction VI is most active at 0.05 M NaCl, and the specific activity is reduced to 20% at 0.15 M and at 0.025 M NaCI. Virus-associated deoxyribonuclease activity, known to convert simian virus 40 Form I DNA to Form II activity from Fraction V with that of two marker proteins. By comparing the ratios of distances sedimented, the Fraction V activity was determined to have a sedimentation coefficient of 3.3 S. Applying the relationship SI/S2 = (Ml/M2)2/3 (18) yields a value of 44,000 for the molecular weight (M) of the nicking-closing activity. If the enzyme is asymmetric the true molecular weight might be substantially greater.
Fraction VI was subjected to cation-exchange chromatography on carboxymethyl-cellulose, as shown in Fig. 4 , with the result that activity and radioactivity virtually co-eluted. Retention on this column is characteristic of basic polypeptides. This result demonstrates that the enzyme activity is closely associated with a major viral protein, but the lack of sedimentation coincidence shown in Fig. 2 suggests that they are not identical.
Sodium Dodecyl Sulfate/Polyacrylamide Gel Electrophoresis. The dDNA-cellulose chromatographic fractions comprising the peak of enzyme activity were analyzed under denaturing conditions by sodium dodecyl sulfate/polyacrylamide gel electrophoresis. Fig. 5 shows the results obtained after visualization of the polypeptide bands by fluorography (22) . On a separate gel (data not shown) the molecular weights of the two principal components of Fraction VI were determined using six standard molecular weight markers. The smaller and overwhelmingly more prevalent species is a 24,000 dalton polypeptide which appears to correspond to viral polypeptide (vp) 8 (23) . These fractions contain, in addition, a polypeptide of 35,000 daltons. This latter component was not detected by Sarov and Joklik (23) , but was reported as a core component by McCrae and Szilagyi (24) , who labeled it vp 6b. In order to avoid confusion with the envelope polypeptide labeled vp 6b by Sarov and Joklik (23), we will term the present component vp 6b'. These are the only two polypeptides detectable by either staining (data not shown) or autoradiography that appear to be correlated with enzyme activity, and Fig. 5B indicates that this correlation is more significant for vp 6b' than for vp 8. The peak of vp 8 is considerably broader and extends well outside the region of significant activity. It should be noted, however, that no activity was detected in fractions lacking vp 8. The analysis of Fig. 3 suggests that the enzyme activity can be attributed neither to vp 8 nor to vp 6b' in their monomeric forms; some degree of interpolypeptide association is necessary to account for the observed sedimentation rate.
Activity on Positively Supercoiled DNA. PM-2 I DNA was first converted (Incubation 1) with the nicking-closing enzyme to PM-2 Io, which has a topological winding number, a, equal to one-tenth the number of base pairs. Starting with this completely relaxed DNA, EtdBr was added to various final concentrations (Incubation 2) so as to generate a series of increasingly positively supercoiled DNA molecules. If the enzyme accepts these species as substrates (i.e., reduces r to zero in the presence of bound dye), the values of a for the final products will be less than one-tenth the number of base pairs. After removal of both enzyme and dye, these products will be negatively supercoiled to a degree that reflects the concentration of dye in the second incubation. Fig. 6 shows the locations of the product DNA species after migration through a gel containing EtdBr at 0.5 jig/ml. distinct from that found in human cell nuclei by several criteria: ionic strength optimum (0.05 M NaCl versus 0.20 M); sedimentation coefficient (3.3 S versus 4.4 S); and polypeptide composition as revealed on sodium dodecyl sulfate/polyacrylamide gels. In this latter case we observe two bands, a major species of 24,000 daltons (vp 8), comprising 7% of the mass of the virus, and a minor species of 35,000 daltons (vp 6b'), comprising 0.2% of the virus. The nuclear enzyme from human KB cells, on the other hand, has been reported to be a single polypeptide chain of 60,000 daltons (6 (27) . If a nicking-closing enzyme were needed only for DNA replication, there would be no need for its en-capsidation. In this event, ample opportunity would be available for de novo enzyme synthesis prior to DNA replication.
It appears to us to be likely that this enzyme is involved in the process of transcription from the viral cores. Such a role would be consistent with the presence in the virion of a variety of other enzymes required for transcription and modification of the transcript, including RNA polymerase (28) , poly(A) polymerase (29) , and enzymes involved in capping and methylating mRNA (30) . If vp 6b' is active as a dimer of molecular weight 70,000, we calculate that each viral core contains approximately 125 such enzymes. This compares with the estimate of 110 molecules of poly(A) polymerase per core (31) and would correspond to about two or three nicking-closing enzymes per transcriptional growing point (32) , an amount consistent with a role in transcription from cores. A requirement for nicking-closing activity might well be exhibited by spatially constrained systems such as chromatin, mitochondria, and vaccinia cores because of the ability to relieve torsional stress.
Yet a third possibility must be considered, that the nickingclosing activity is required for virus assembly. This function would allow the DNA to interact with the virion proteins with maximal freedom from torsional distortion. This hypothesis predicts that nicking-closing activity will be associated with complex viruses in general, regardless of whether or not they carry other virion enzymes or are able independently to support transcription.
The association of vp 6b' with vp 8, which is present in amounts (7% of the virus) expected for a viral structural protein, is possibly of significance in terms of both the architecture of the virus and the mechanism of transcription. The nuclear nicking-closing activity of mouse L cells appears, in an analogous manner, to be closely associated with the basic protein, histone H1 (33) . The vaccinia enzyme (vp 6b') thus appears to associate with a major basic structural protein (vp 8) on the one hand, and to interact with DNA on the other. The detailed nature and significance of both these interactions remains to be elucidated.
